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High Temperature Superconducting Oxide Films 
Abstract-We have used sputter deposition with single oxide targets 
and metal molecular beam epitaxy to prepare thin films of the high-T, 
oxide Y-Ba-Cu-0 superconductor. The processing parameters, the 
structural characteristics, and the transport properties of the films are 
reported. We also discuss the microstructures of superconducting 
Y1Ba2Cu307 thin films epitaxially grown on SrTi03 (100) substrate. The 
high density of twin boundaries found in thin-film samples seems to 
correlate well with the observed high critical current density. 
INTRODUCTION 
INCE THE discovery of perovskite-type oxide super- S conductors, particularly the Y-Ba-Cu-0 system with T, in 
excess of 90 K [ 11, [2], an enormous amount of research has 
been undertaken to understand their fundamental physical 
properties and to realize practical applications. One of the 
important efforts has been the film preparation on this class of 
high-T, superconducting oxide materials, which is the key to 
many potential device applications and may also be providing 
more quantitative measurements on basic superconducting 
parameters. Many techniques including electron-beamkher- 
mal co-evaporation [3], [4], molecular beam epitaxy (MBE) 
[5], sputtering [6], [7], laser evaporation [8], and spin-on/ 
pyrolysis [9], [lo], have been employed to successfully 
produce superconducting oxide films with high T,’s. 
In this paper, we briefly review two processes currently 
being conducted at out laboratory: molecular beam epitaxy [5] 
and sputter deposition [6]. We also discuss the microstructures 
(in particular the twin domains and their sizes) of Y1Ba2Cu307 
in both bulk materials and thin films studied by high-resolution 
transmission electron microscopy (TEM). The correlation 
between the high density of twin boundaries and high critical 
current densities in thin-film samples may lead to the 
understanding of pinning mechanisms in this material [ 1 I]. 
SPUTTER DEPOSITION 
Sputter deposition is one of the most common thin film 
fabrication methods used in both basic research and large-scale 
industrial applications. Recently, various sputtering tech- 
niques have been employed to produce thin films of the high- 
T, (90 K) superconducting oxide of (RE)1Ba2C~307 [6], [7], 
[12]-[16]; these include dc or RF diode or magnetron 
sputtering under pure Ar or Ar/02 atmosphere using single or 
multiple targets. For preparing these superconducting films, 
targets used thus far have been either oxides or metal alloys (or 
elements). 
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In this section, we discuss the results of the magnetron 
sputtered films using single oxide targets. First, the data from 
dc magnetron sputtering employing reacted compound targets 
with compositions close to the Y 1Ba2Cu307 are presented [6]. 
Then we show the more recent results using RF magnetron 
sputtering from unreacted composite insulating targets made 
up of Y203,  BaF2 [4], and CuO [17]. 
In the initial phase of sputtered thin film research on the 
high- T, oxide superconductors, superconducting Y-Ba-Cu-0 
films with T, above 85 K were obtained by dc diode and 
magnetron sputtering (see Fig. 1). For dc sputtering, a 
conducting target has to be used. The compound Y-Ba-Cu-0 
targets with compositions centered around Y 1Ba2C~307 were 
made by repeated compacting, reacting, grinding, and sinter- 
ing of Y203,  BaC03, and CuO powders. The final shape of the 
sputtering targets is a disc 5 cm in diameter and 0.35 cm thick. 
Films 0.2-2.0 pm thick have been deposited on substrates 
of MgO, M2O3, and SrTi03 with deposition rates in the range 
of 0.05-0.3 nm/s. The input power for the sputtering is low 
about 50-100 W. Pure argon sputtering was used with the 
pressure during film growth of 5 mtorr for magnetron 
sputtering and 30 mtorr for diode sputtering. The as-deposited 
films were still insulating, and required post O2 anneal at 
temperatures above 800°C to become superconducting. The 
films reacted below 900°C showed random orientations 
containing three phases: orthorhombic Y ,Ba2Cu3O7 (supercon- 
ducting), amorphous regions, and CuO (or BaCu02) (see Fig. 
2). Note that all the annealed films were cooled by furnace 
cooling, which took about 3 h from 800-900°C to room 
temperature. However, the films deposited on SrTi03 (100) 
began to show preferred orientations with their c-axis perpen- 
dicular to the film plane when the annealing temperature was 
above 950°C [ 181. 
For the sputtered films using the first method, the resistivity 
versus temperature curve does not seem to follow a metallic 
behavior. The resistivity ratios between 300 K and T, onsets 
are generally around 1 .O or less. This may be attributed to the 
existence of multiple phases in the films. Attempts were made 
to increase the portion of the superconducting orthorhombic 
phase and to eliminate or minimize the amorphous and the 
second-phase regions, including optimization of the film 
composition, improvement of the heat treatment, and a proper 
choice of the substrates. Clearly correct film stoichiometry 
should be the first and the most important requirement. It is 
known that the film composition may not be the same as the 
target composition. However, due to reasons which are 
detailed elsewhere [ 171, the variation of film composition 
would not proportionally follow the change of the target 
composition using the above method. Therefore, it was 
difficult to obtain the desirable film stoichiometry. 
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Fig. 1. Resisitivity versus temperature for dc magnetron sputtered films 
heat treated at 850°C for 1 h in O2 [6]. 
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Fig. 2. X-ray diffraction pattern of dc magnetron sputtered films deposited 
on sapphire (a) and randomly oriented Al2O3 substrates (b), the spectrum in 
(c) was taken on a sintered powder sample with a composition of 
Y ,Ba2Cu307 161, 
Recently, we have improved the superconducting properties 
of the sputtered films by using the second method of 
employing unreacted composite targets made up of Y203, BaF2 
[ l l ] ,  and CuO with RF magnetron sputtering. Films with T,(R 
= 0) at 89 K and metallic behavior with a resistivity ratio 
(between 300 K and T, onset) of 2.0 have been reproducibly 
obtained (Fig. 3). Films deposited on SrTi03 (100) and (110) 
were found to have strong preferred orientations even with an 
annealing temperature as low as 825°C (Fig. 4). The structural 
characteristics of the films on SrTi03 (110) were further 
studied by transmission electron microscopy (TEM) which 
showed a distribution of grains with the in-plane axes 2 and 
(1 IO) preferentially aligned. In these films, the shape of the 
superconducting Y IBa2C~307 grains was needle-like, with the 
c-axis along the short edge and (1 TO) parallel to the longer 
side. The c-axis and (1 IO) of the films are aligned with the 
(001) and (110) of SrTi03, respectively. 
MOLECULAR BEAM EPITAXY (MBE) 
The superconducting films discussed in this section have 
been prepared by the metal molecular beam epitaxy [5] in a 
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Fig. 3.  Resistivity versus temperature for RF magnetron sputtered films 
using single composite target, heat treated at 825°C for 10 h [17]. 
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Fig. 4. X-ray diffraction pattern of an RF magnetron sputtered film on 
versatile ultrahigh vacuum deposition system previously used 
for studying metal hetero-epitaxy [ 191 and producing metallic 
superlattices such as magnetic rare-earth superlattices [20]. 
The films discussed here were made by thermal co-evapora- 
tion from three separate sources simultaneously; Y from an 
electron-beam heated evaporator, Cu from the effusion cell (or 
electron-beam evaporator), and Ba from the effusion cell. The 
deposition rate of each element was individually monitored 
and adjusted to yield the correct stoichiometry in the film. The 
oxygen was incorporated in the film during growth by 
introducing molecular oxygen flow from a tube near the 
substrate. Typical oxygen partial pressure near the substrate 
was torr. The base pressure was less than torr prior 
to the O2 doping, and was kept at to torr during the 
growth. The substrate temperature was maintained at 300°C. 
The film thickness was in the range of 0.05 to 1.0 pm. 
The substrates used in the MBE growth are primarily single 
crystals of SrTi03 with (100) orientation. The in-plane (100) 
lattice constant of cubic SrTi03 is 3.9051 A which is within a 
0.4-percent mismatch with the lattice spacing of b or 1/3 c of 
the orthorhombic Y1Ba2Cu3O7 phase. The as-grown film is 
insulating, and its structure remains either amorphous or 
microcrystalline. The superconducting phase is formed by 
further heat treatment in Oz. The annealing procedures for 
recrystallization are 10 h at 65OoC, 25 min at 850"C, and 5 h 
at 650°C in O2 atmosphere, followed by furnace cooling. 
The chemical composition was determined by Rutherford 
backscattering spectrometry (RBS) using a 1 .%MeV He+ ion 
beam. Prior to each film growth made on SrTi03, a thinner 
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Fig. 5. X-ray 8-28 scan for an MBE grown “uL” film deposited on SrTi03 
(100) PI. 
film of 400 A was deposited on Si(100) for calibrating the 
compositio~~s with an accuracy of 3 percent. The films were 
structurally characterized by transmission electron microscopy 
(TEM) and X-ray diffraction on a four-circle diffractometer 
using CuK.,, from a rotating anode source: For X-ray 
diffraction, an instrumental resolution of 0.010 A ~ ’ full width 
at half maximum (FWHM) was achieved. 
All the MBE films showed evidence of three-dimensional 
order. For films deposited on SrTi03 (loo), we have observed 
the growth of two different orientations: either c- or a-axis 
perpendicular to the film plane. The occurrence of two 
orientation:; depends on the chemical compositions and the 
annealing conditions. Both types of films exhibit a high degree 
of crystalline order and epitaxial growth as evidenced from 
TEM and a narrow rocking curve (<0.3”) from X-ray 
diffraction. 
For “a,” films, a 8-28 scan along (hOO), showing (100) 
and (200) peaks from both the sdbstrate and the film, is plotted 
in Fig. 5 .  The absence of c-axis ordering normal to the film is 
indicated by both the values of the lattice parameter associated 
with the (100) and (200) peaks, and the lack of peaks with d 
spacings near (001), (002), (W), and (005). Powder patterns 
show a (005) peak with an intensity only slightly less than the 
(006) peak. The small peak at the (005) 28 position (not visible 
in Fig. 5 )  indicates that c-axis ordering normal to the substrate 
is less than one part in 1OOO. The amount of misalignment of 
the ordered grains was measured by a rocking curve through 
the (200) YIBa2Cu307 peak. The rocking curve shown in the 
inset of Fig. 5 ,  is about 0.8” wide and centered on the same 
position as the substrate peak. A small amount (less than 1 
percent) of BaCu02 is detected. Three-dimensional ordering 
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Fig. 6 .  X-ray 8-28 scan for an MBE grown “cI” film deposited on SrTi03 
(loo) 1211. 
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Fig. 7. Resistivity versus temperature for the same films as in Figs. 5 and 6 
r211. 
of the film is demonstrated by observing diffraction peaks with 
in-plane components. Off-axis diffraction peaks have longitu- 
dinal widths and rocking curves similar to those of the on-axis 
(h00) peaks. 
For “c,” films, a 8-28 scan along (001), showing (002), 
(003), (W), (005) ,  (006), and (007) peaks from the film and 
(100) and (200) peaks from the substrate, is plotted in Fig. 6 .  
In this film, we observed a small component (10 percent) of a- 
axis ordering normal to the film as indicated by the peaks of 
(100) and (200). Again, a negligible amount (< < 0.05 
percent) of the second phases is detected. The width of the 
rocking curve around the (005) peak is less than 0.3”. 
The superconducting transitions were measured by the 
standard 4-point van der Pauw method using the ac technique. 
The critical current density J, was measured at 77 K by the 
transport method. The resistivity versus temperature (Fig. 7) 
shows, in general, a linear dependence above T,, regardless of 
the film orientation. The normal state resistivity above T, of 
the a ,  sample is about a factor of 2-3 higher than the c ,  
sample. The simplest explanation is that the a ,  films contains 
a larger fraction of grains with the poor-conduction c-axis in 
plane. The higher T, (R  = 0) at 85 K of the c, sample (as 
compared to the a ,  sample, shown in Fig. 7) is caused by a 
better stoichiometry rather than different crystal orientations. 
The best T, (R = 0) and J,  (at 77 K) for a given film thickness 
of 0.9 pm were attained in an a /c  mixed sample with 87 K, 
and 7 x lo4 A/cm2, respectively. More recent studies showed 
that the reduction of film thickness to 0.2-0.4-pm range has 
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improved the T, (R  = 0) and J, (77 K) substantially to 90 K 
and over 7 x lo5 A/cm2, respectively [22]. 
In another phase of thin film research using this MBE 
technique, a new, ordered perovskite structure was stabilized 
as a majority phase in superconducting Y2Ba5C~7020-6’ (F/ 
Cl)*. films epitaxially grown on SrTi03 (100) [23]. The new 
phase was formed via fluorination or chlorination introduced 
during the post-deposition O2 furnace anneal for recrystalliza- 
tion. The structure is determined by X-ray diffraction to be a 
tetragonal unit cell (a - b = 3.86(1)A, c = 27.24 (6) A)  
with a space group partially assigned as P42. Films containing 
primarily the new phase show a larger resistivity 4 3 0 0  K) - 
177 p a  . cm, a comparable ratio of p(300 K)/p(100 K) - 3.0, 
and a lower superconducting temperature of 78-74 K when 
compared to Y1Ba2Cu307. Note that the bulk (powder) 
synthesis techniques have not yet been able to produce this 
new structure. 
MICROSTRUCTURES 
have demonstrated a critical 
current density J, in excess of lo5 A/cm2 at liquid nitrogen 
temperature [3]-[5], [22J, much higher than that obtainable in 
polycrystalline ceramics [2] (J ,  5 lo3 A/cm2) or even single 
crystals [24] (J ,  L lo4  A/cm2). The microstructure of 
superconducting materials is known to play an important role 
in achieving the high current density. However, no unified 
views have been expressed regarding the crucial factors 
affecting the current-carrying capacity in the oxide supercon- 
ductors. For instance, Chaudhari et al. [25] concluded that the 
main difference between the high- and low-current-carrying 
films of YBa2Cu307 was the absence of grain boundaries in the 
former. On the other hand, it is well known that a high-quality 
single crystal with no grain boundaries supports less critical 
current due to the absence of pinning. Therefore, studies of the 
variation of microstructures among films prepared under 
different conditions ought to be important to further our 
understanding of the role of microstructure played in achiev- 
ing higher J,  and the growth kinetics of the films. 
In this section, we report transmission electron microscope 
(TEM) studies of YBa2Cu307 --x superconducting films pre- 
pared by molecular beam epitaxy on SrTi03 (100) substrate. 
Samples grown with c-axis parallel and normal to the substrate 
surface have been studied. Both types of samples show very 
good orientation order with respect to the substrate. Grain 
sizes are typically several thousand angstroms. Out-of-phase 
boundaries due to abrupt shifts of Y-Ba-Ba-Y registry along 
the c-axis direction are commonly observed in the sample with 
c-axis in the plane. For films with c-axis normal to the surface, 
we find that the grains are twinned as commonly observed in 
the bulk samples. Thc twinned domains, however, are much 
smaller than that in the bulk samples. 
Among the various types of microstructures observed by 
TEM, we found that there is a strong correlation between the 
J, and the density of twin boundaries as can be seen in Table I. 
The twinned domains of the epitaxial films are - 2-300 A in 
size, which is Tuch smaller than those observed in single 
crystals ( - 750 A )  [26] and polycrystalline ceramics ( - 2000 
A )  [27]. The high density of the twin boundaries for the c- 
Thin films of 
TABLE I 
TWIN SPACING AND J ,  
~~~ 
~~~~ 
From J,  (H = 0, T = 77 K) Twin Spacing 
Film lo6 A/cm2 200 A 
Film 105 300 
Polycrystal (sintered powders) 10’ 2000 
Single crystal 104 750 
perpindicular films may be attributed to the large lattice 
mismatch ( - 2 percent) between the a-axis of the film and the 
substrate. The formation of twin boundaries is a way of 
alleviating the strain energy in the tetragonal to orthorhombic 
distortion. The high density of twin boundaries can help to 
relieve additional strains due to the large lattice mismatch. 
Moreover, the increase of twin boundary densities from 
polycrystalline ceramics to single crystals, and to their films 
correlates well with the increase of J, in that order. 
Evidence of preferential pinning of the vortex lattice along 
the twin boundaries was recently found in the flux lattice 
decoration experiment on the YBa2Cu307 single crystale [28]. 
It is quite plausible that the twin boundaries of much higher 
density in thin films serve as effective pinning centers, hence 
conduce a much higher J,. However, we are also aware that 
the increase of twin boundary density from ceramics to single 
crystals is probably not the only cause for the improvement of 
J,, since other factors have been considered as well, including 
anisotropy, uniformity of oxygen stoichiometry, etc. The 
detailed TEM micrographs were published elsewhere [ 1 11. 
The conclusion of the TEM microstructural studies in this 
section is that the correlation between high twin boundary 
density and high J, is interesting and highly plausible. More 
work is required to study the flux flow near the twin 
boundaries in order to elucidate the role of twin boundaries in 
flux pinning. 
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